Particulate matter air pollution (PM) has been related to cardiovascular disease mortality in a number of recent studies. lThe pathophysiologic mechanisms for this association are under study.
tions in PM in 26 elderly (mean age 81) individuals for 3 consecutive weeks. Several standardized methods were used to measure 24-hr average PM concentrations prior to the dinical test inside (indoor PM2.5) and immediately outside (outdoor PM25 and PM2 %1o) of participants' residences. Resting, supine, 6-min R wave to R wave (R-R) interval data were collected to estimate high frequency (0.154.40 Hz) and low frequency (0.04-0.15 Hz) powers and sdard deviation of normal R-R intervals (SDNN) as cardiac autonomic control indices. Participantspecific lower heart rate variability days were defined as days for which the high-frequency indices fell below the first tertle of the individual's high-frequency distribution over the study period. Indoor PM25 > 15 pg/m3 was used to define high pollution days. Results show that the odds ratio (95% confidence interval) oflow heart rate variability high frequency for high (vs. not high) pollution days was 3.08 (1.43, 6.59). The 3-coeffidents (standard error) from mixed models to asse the quantitative relationship between variations in indoor PM25 and the log-trasformed high frequency, low frequency, and SDNN were: -0.029 (0.010), -0.027 (0.009), and -0.004 (0.003), respectively. This first study of cardiac autonomic control response to daily variations of PM25 indicates that increasd levels of PM2.5 are associated with lower cardiac autonomic control, suggesting a possible mechanistic link between PM and cardiovascular dse mortality. Key words. ambient air pollution, autonomic system, cardiovascular dises, elderly, heart rate variability, particulate matter, PM25. Environ Health Perspet 107:521-525 (1999).
[ Online 13 May 1999] http://ehpnal.niehs.nih.gv/docs/l9991107p521-5251i aolabstr.nl Many epidemiologic studies have shown an association between exposure to particulate air pollution below the current national air quality standard and excess mortality from cardiopulmonary diseases (1) .
Consistent with the mortality findings, epidemiologic studies in the United States (2) (3) (4) , Canada (5, 6) , and Europe (7-9) also demonstrate significant associations of ambient air pollutants with hospital admissions for respiratory and cardiovascular diseases. However, the observed excess mortality and morbidity associated with relatively low particulate matter (PM; the subscript number denotes the particle size in micrometers) levels have been questioned because of an apparent lack of any biologically demonstrable mechanisms. A direct link between a pathophysiologic effect on the heart and mortality or morbidity in human popula- tions has not yet been established. The role of air pollution in cardiovascular disease is a recent focus of attention. Several investigators reported an association between particle air pollution and hospital admissions for ischemic heart disease, congestive heart failure, or dysrhythmias (10-13). Watkinson et al. (14) produced arrhythmias after installation of combustion particles into rat lungs, resulting in a doubling of mortality rate, and Godleski et al. (15) observed electrocardiographic changes including T-wave alternans and arrythymias in dogs exposed to concentrated ambient air particles. The link between inhalation of particle air pollution and effects on cardiac rhythm may be the induction of an inflammatory response in the lung with a subsequent release of chemical mediators that alter the autonomic nervous system control of cardiac rhythm (16) .
The research question for this study is: What is the physiologic link between air pollution exposure and cardiopulmonary effects in susceptible populations? Specifically, this study is designed to investigate whether the changes in the concentrations of particulate matter are associated with the changes in the cardiac autonomic control (CAC), as measured by the analysis of heart rate variability (HRV), in a group of elderly individuals.
Population and Methods
Population. This study was designed as a short-term (21 days) longitudinal monitoring of daily changes in both particulate matter concentrations and in cardiac autonomic activity. Study participants were selected from a retirement center in metropolitan Baltimore, Maryland.
As described by Creason et al. (17) , the following exclusion criteria were used to screen for eligible participants: uncontrolled hypertension (systolic blood pressure > 190 or diastolic blood pressure . 100 mm Hg), angina pectoris and/or heart attack in past 12 months, physician-diagnosed episodes of syncope, heart failure, current smoker, retinal disease, diabetes, dementia, dialysis treatment, acute illness (> 2 days) within the past week, need for supplemental oxygen, or having a pacemaker. After the eligibility screening and after attending small group meetings with trained recruiters, 26 of the 58 eligible individuals volunteered to participate in this study. These Cardiac autonomic activity. Analysis of beat-to-beat HRV was used to assess cardiac autonomic control for all participants daily over the entire study period. For the measurement of HRV, three electrocardiogram (ECG) electrodes were positioned on the subject. Two electrodes were in the regular ECG Vi and V6 locations on the epigastrium and one was on the lower right extremity. Resting supine 6-min beat-to-beat heart rate data were collected after participants remained comfortably in the supine position for 10 min. A dedicated computer and specialized software (PREDICT II HRVECG, Arrhythmia Research Technology, Inc., Austin, TX) were used for continuous detecting and recording of ECG R waves.
The system uses a wave form correlation technique to correlate each digitized possible electrocardiographic wave complex (QRS) with a participant-specific QRS template with the overall correlation coefficient preset to 0.75. The participant-specific QRS template was identified as a normal QRS template by trained and certified technicians through visual inspection of several QRSs. The sampling frequency was set to 1000 Hz, as recommended by the manufacturer. Each of the possible QRSs was marked as a normal QRS if the wave form correlation coefficient was > 0.75; otherwise they were marked as artifact QRS. The system then calculated beat-to-beat R wave to R wave (R-R) intervals for the entire 6-min period.
The R-R interval data were processed in a central location by one trained computer programmer. During the data-processing phase, a data cleaning program was used to remove any R-R intervals having an artifact QRS from the HRV analysis. Segments with such artifacts were imputed and R-R intervals in these segments were recalculated using an algorithm developed by Arrhythmia Research Technology, Inc. Fast Fourier transformation was performed to estimate the power spectral density (PSD). An example of the PSD curve with the corresponding time-domain beat-to-beat R-R interval histogram inserted is shown in Figure 1 for one participant. From the PSD curve, the high frequency spectral power component (HF) and the low frequency spectral power component (LF), defined as the power (area) between 0.15 and 0.40 Hz and between 0.04 and 0.15 Hz bands under the PSD curve, respectively, were calculated. The standard deviation of all normal R-R intervals (SDNN) was calculated from the time-domain data after the replacement of artifacts. The average heart rate from the 6-min R-R interval data was also calculated.
In this study, any record with 15% or more of QRS artifacts in all possible QRS complexes was excluded from analysis, even though these segments could be successfully imputed, as the manufacturer suggested. These exclusion criteria were implemented to reduce the influence of data imputation on the estimates of HRV.
Other covariables. Other covariables, such as age, ethnicity, sex, and health status, were obtained using a standardized questionnaire. A participant was classified as having previous cardiovascular related conditions (labeled as the compromised group) if the medical record review and/or medication survey revealed active treatment of any of the following conditions: hypertension, coronary heart disease, episodes of arrhythmia, and thyroid abnormalities requiring thyroid medication.
Statistical methods. Random coefficient regression models were used in the analysis of the study data (20) . Most models contamned fixed effects of intercept, age, sex, cardiovascular health status, and PM2.5 particulate level as measured by various exposure monitors, with age and PM 2.5 being continuous variables. Models with separate slopes for each of the health status groups were also fit. In addition to the population-fixed effects, each subject was allowed to have an individual incremental slope and intercept for PM. Using model-fitting information available in the SAS Mixed Model (20) output for each model, it was determined that intercepts for each subject were necessary, 5 
Results
The reexamination rates were high, and only a few subjects failed to complete the entire 3-week study period. The greatest loss of data was attributable to the lack of functioning air monitors on some of the but a slope for each subject was not. Two covariance structures were considered for the repeated measures of these longitudinal data.
One assumed a simple model of no correlation of residuals across time. The other assumed an error covariance matrix allowing for dedining correlation of residuals based on distance (time in days) between measurements. In this structure, if readings were 1 day apart the correlation was r, and for > 1 day apart the correlation was r to the power of the number of intervening days. Two final models, one fitting individual PM2.5 slopes for each of the health status groups and one fitting only an overall slope, are presented here. The final form for each model P-coefficients and their 95% confidence interval (CI) by baseline cardiovascular health status (compromised status), and coefficients adjusted for cardiovascular health status in the combined model, are presented in Table 2 .
In the combined models (termed Beta Overall), the high-frequency ( Logistic regression models were used to estimate the age and previous cardiovascular conditions adjusted odds ratio (95% CI) expressing the relationship between low HRV-HF and high pollution days; the resulting adjusted odds ratio of 3.08 (1.43, 6.59) can be interpreted as finding the risk of having an HRV-HF value in the lowest tertile of each individual's distribution to be three times greater on days when the PM2.5 concentration was 15 pg/m3 or greater compared with days below this concentration.
Discussion
The data from this study suggest that ele- However, a recent study comparing personal sampling of PM at the individual levels with indoor and outdoor ambient PM confirmed the usefulness of ambient PM measured outdoor and indoor to assess personal PM exposure over time (21) . Our data from five individuals who wore a personal monitor for the entire study period indicated a high correlation between personal monitoring of PM concentrations and the microenvironmental PM concentrations determined by a stationary monitor. Regardless of these limitations, to our knowledge, this is the first study to relate day-to-day variations of PM concentration with cardiac autonomic control in a susceptible population and thus demonstrating potential pathophysiologic mechanisms linking environmentally relevant PM exposure and excessive cardiovascular morbidity and mortality. On one hand, it has been consistently demonstrated that exposure to particulate air pollution is associated with increased mortality and morbidity, especially cardiovascular morbidity and mortality (1) (2) (3) (4) (5) (6) (7) (8) (9) . On the other hand, there has been a lack of biologically demonstrable mechanisms for such an association, particularly at environmentally relevant PM concentrations. In recent years, analysis of beat-to-beat HRV has emerged as a clinically and epidemiologically useful noninvasive method to quantitatively assess cardiac autonomic activity (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . As a result of interaction between sympathetic and parasympathetic activity, HRV shows periodicity over time. This periodicity can be identified through spectral analysis as the sum of a series of sine and cosine functions of varying amplitudes and frequencies (frequency domain analysis). Previous work (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . Lower HRV has also been related to sudden cardiac death (35) . Results from population-based cohort studies suggested that lower HRV is associated with an increased risk of developing coronarv heart disease (36, 37) . It has been proposed that HRV be used as a prognostic factor for myocardial infarction (38) . Because Whether the magnitude of decline in HRV seen in our participants has any predictive value is unknown. However, because a decline in HRV has been associated with adverse cardiovascular events, it can be hypothesized that the lower HRV associated with increased PM2.5 concentrations increases the risk for an acute cardiovascular occurrence in elderly persons with compromised cardiovascular health status via altered cardiac autonomic control of heart rate.
